The use of plasma actuators for airflow control could be restricted to specific atmospheric conditions. Pressure, temperature and relative humidity could affect the effectiveness of surface plasma discharge by disturbing the plasma regime. In the present study, the effects of humid ambient air are investigated. A typical dielectric barrier discharge actuator is operated in relative humidity (RH) ranging from 40% up to 98%. The current behaviour of the plasma discharge is analyzed and time-averaged and time-resolved measurements of the produced electric wind are proposed. Two plasma discharge modes are observed, regardless of the relative humidity. A brief statistical analysis of the current discharge indicates that the number of negative current peaks is reduced when RH is increased. Positive current peaks also encounter a decrease in number for RH from 40% up to 85%. At higher RH, the number of positive current peaks drastically increases, presumably due to condensation over the dielectric material. Nevertheless, the present results demonstrate that DBD actuators can be operated at high relative humidity. Measurements of the induced electric wind clearly indicate a reduction of the momentum transfer effectiveness for increasing RH levels. Indeed, beyond 70% of RH, the electric wind production is weaker but the actuator conserves it capability to transfer momentum at the applied electrical frequency. Moreover, the detrimental effects of high RH on the actuator effectiveness can easily be compensated by increasing the applied high-voltage.
Introduction
ver the past decade plasma actuators have received a great amount of interest due to their ability to generate an electric wind in the boundary layer of airflows [1] . Most of these plasma actuators consist of surface Dielectric Barrier Discharges (DBD) excited by an AC high voltage. The momentum transfer promoted by the DBD actuator can be used for airflow control, to attach a naturally separated flow for instance [2] . Among the numerous advantages of surface DBD actuators, one can point out the fact that they do not bring additional matter to the flow, they do not have a proper mass, they are very practical to install and they can operate with a very short response time (up to 10 kHz). However, despite all these qualities the use of an electrical discharge in the open atmosphere to generate electric wind leads to technical issues that still need to be investigated. The purpose of this global study is to evaluate the possibility of using DBD actuators in commercial aircraft flight conditions. The influence of the pressure is also currently under investigation [3] [4] [5] . In this article we focus on the influence of the relative humidity on the electromechanical properties of the plasma actuator. Commercial aircrafts experience a wide range of atmospheric conditions. To some extend, the temperature, pressure and relative humidity can be considered as uncorrelated parameters. They are investigated separately in this research project but coupled measurements are planed. The relative humidity (RH) can vary from only 10% up to saturated conditions in clouds or tropical regions. The RH greatly affects the composition of the air in which the electrical discharge 2 of 13 American Institute of Aeronautics and Astronautics occurs. 78% of dry air is dinitrogen which is electropositive (only positive ions are created after the electrical breakdown). The increase of the water vapour concentration brings electronegative components that can significantly modify the properties of the discharge (mainly by consuming electrons and interacting differently with the dielectric surface). This is of great importance since the electromechanical properties of the discharge are different whether the anode or the cathode generates the electric wind [6] . In the perspective of actuators embedded on board of aircrafts it is thus necessary to test the surface DBD in conditions ranging from dry air to air saturated in water vapour. A first report on the DBD behaviour in dry and humid air was published recently [7] but only for RH levels between 47% and 53%. In this article, the effectiveness of DBD actuator is investigated by pressure measurements, then the effects of external conditions on the induced electric wind was not addressed. In the present study, we have extended this range of RH for values from 40 up to 98%. In order to gain insight into the local behaviour of the DBD and it capability to produce electric wind at such environmental condition, the analysis is mainly based on the measured velocity profiles.
II. Experimental set-up
Here a typical surface DBD geometry is used. It consists in two electrodes flush mounted across a 3 mm-thick Plexiglas (PolyMethyl MethAcrylate PMMA) dielectric layer. The electrodes are made of thin aluminium foils (80-µm-thick). They are both 80 mm span wise. The electrode set-up is presented in Figure 1 . The air-exposed electrode is 15-mm-wide. The grounded electrode is placed below the dielectric, with a gap of 5 mm and extends up to 30 mm from the edge of the active electrode. The bottom electrode is fully encapsulated in epoxy resin to avoid any ionisation of the gas bellow the dielectric material. The edge of the air-exposed (active) electrode is placed at exactly x=0 and y=0 and will serve as coordinate origin. The flat PMMA plate supporting the actuator is 300 x 300 mm². This plate is enclosed in a rectangular glass box constituting the test section. This box is 800-mm-long, 300-mm-large and 400-mm-height. This results in a measurement volume of about 100 L. Then, a confinement aspect occurs but, first the wall effects on velocity measurements are limited and no discrepancies between the produced velocities was noticed comparatively to previous measurements performed via glass Pitot tube in quiescent air and free atmosphere. A HV amplifier (Trek, model 30/40mA) is used to apply a sinusoidal waveform voltage, V, at 1 kHz and amplitude ranging from 16 up to 24 kV. The current through the plasma discharge is measured via a shunt resistance of 100 Ω. A voltage probe (Lecroy, PPE20KV) is inserted in the electrical circuit to access the instantaneous input voltage. The voltage and current signals are recorded with a digital oscilloscope (Lecroy wavesurfer 422) at 50 Ms/s.
During the experiments, the temperature is kept constant at 22 ± 1°C while the relative humidity inside the vessel varies from 40% up to 98%. It rises from relative humidity obtained by desiccating the ambient air (via a small electrical desiccator based on Peltier effect) and then it is increased by adding mist air resulting from an ultrasound vibrator immerged in a small water tank (water droplets 3 of 13 American Institute of Aeronautics and Astronautics diameter of about 10 µm). The pressure is constant at 756 Torr. The air volume inside the test chamber is monitored in humidity with a dedicated sensor (HIH-4000, Honeywell) situated 10 cm downstream of the edge of the air-exposed electrode. To allow an homogenous distribution of the humidity level in the test section, a typical time delay of 10 mn separates the beginning of the experiments from the instant at which the sought humidity is reached (the humidity level is still monitored and maintained constant over this time period). Maintaining constant a humidity level is a challenge, then despite a great caution in the experimental procedure, the variation in relative humidity can reach ±5%.
The velocity of the induced airflow is measured using a single component laser Doppler velocimeter (LDV). The light source is a 5 W Argon-ion laser. Two intersecting green beams (wavelengths of 488 nm) compose the measurement volume (the probe volume is 0.2x1 mm²). The optical system is fixed on a micrometric displacement system (displacement of ±0.01 mm) and measurements are realized with optics in a ±45° configuration. The two laser beams tangent the dielectric material. Then, according to the measurement volume, the velocity can be measured down to 0.1 mm above the dielectric layer. The optic arrangement is set to measure the primary velocity component, U x (U-component in the x-direction), of the produced wall jet flow. Regardless of the relative humidity rate, the quiescent flow in the glass box is seeded by the injection of small regular droplets (mean diameter of 0.5-2 µm) resulting from the atomization of a pharmaceutical oil (Ondina 15, Shell). According to the size and the density of these droplets, they can accurately follow the airflow with a weak drift, even within the plasma region. A fine adjustment of the optic arrangement allows to reach a sampling frequency up to 21 kHz (the lowest sampling frequency is about 14 kHz). For the velocity profiles, each acquisition points are time-averaged over 200.000 data samples.
III. Results

III-1 Effects of ambient humidity on the plasma behavior, voltage and current analysis
Typical time evolutions of voltage and current are illustrated in figure 2. Due to the one order of magnitude difference (at least) in the current amplitude, two different voltage calibres are used to measure the current at the shunt resistor. The results indicate that the positive-going-cycle of the voltage produces higher current peaks than the decreasing one. However, the negative current peaks are more numerous during the negative-going-cycle. This highlights the two plasma discharge modes during a single sine period. Indeed, the large and sparse positive current peaks (higher than 50 mA) are associated with streamers occurring in the plasma region [8] [9] . Note that, as highlighted by Allegraud et al. [10] , a single current peak is related to several surface streamers occurring simultaneously at different locations along the edge of the air-exposed electrode. During the negative-going-cycle, the plasma is composed of shorter filaments as highlighted by the figure (current larger than a dozen of mA). This current behavior corresponds to a diffuse discharge mode. American Institute of Aeronautics and Astronautics In the present study, the relative humidity is increased from 40% up to 98%. It appears that the humidity level has limited effects on the plasma discharge mode. Both plasma modes are still present. However, it seems in figure 2 that the number of negative current peaks is reduced as well as the amplitude of the positive current peaks. To accurately check and quantify this point, 20 periods of the electrical signal are acquired (at a sampling frequency of 50 Ms/s). A customized peak detection tool, based on user-defined current thresholds for higher and lower current level (here, 15 and 1.5 mA, respectively), is coded. Two voltage amplitudes are studied (18 and 20 kV) while the frequency is fixed at 1 kHz. For the negative current peaks, an increase in the humidity level results in a quasi linear reduction of the peak number (Fig. 3a) . This may be related to the decrease of the electropositive species with an increasing humidity, resulting in lower ionization rate. A local change in secondary emission may also be suspected at the dielectric surface. The dependence of the positive peak number differs with a first small increase between 40 and 85%, and then a large increase at the higher investigated relative humidity (Fig. 3b) . At 98% of relative humidity, the number of positive peaks is now larger than the negative ones (approximately 470 negative current peaks per cycle and ≈160 positive ones at RH=40%). These results agree with an easier ionization due to higher electronegative species concentration. The resulting power consumption is not linear. The maximal power consumption occurs at 55% of relative humidity while the minimal one is at 85%. Then, the presumable change in conductivity at the surface of the dielectric due to water droplet deposition does not conduce to a linear increase of the power consumed by the plasma discharge. American Institute of Aeronautics and Astronautics 
III-2 Effects of ambient humidity on the non-stationary induced airflow
In this section, the effects of relative humidity on the produced electric wind are investigated. The experiment is focused on the temporal characterization of the electric wind. In order to stay consistent with our previous studies, the DBD is excited by a sinusoidal waveform at 1 kHz and amplitude of 20 kV. The time-resolved velocity is accessed by phase-averaged measurements. The LDV acquisition is set to store 200.000 data samples at a frequency of 14 kHz, at least. The beginning of the data collection is synchronized with the input waveform by a TTL triggering. The time period of the input signal (i.e. T=1 ms) is divided into 500 equi-temporal instants (i.e. dt=2 µs). According to their acquisition time, each velocity is ranged into one of the slot. Then, a mean value at each slot time is computed. To analyze the non-stationary induced airflow along the plasma region, data are collected at x=5 and 20 mm while the distance above the wall, y, is kept constant at 0.1 mm.
At voltage amplitude, V, of 20 kV (Figure 4) , the electric wind presents a non-stationary behavior close to the edge of the air-exposed electrode. Further downstream (at x=20 mm, see Figure 4 ), the induced airflow is maintained constant over a single period of the input signal. Regardless of the measurement position, the induced flow decreases when the relative humidity is increased. For instance, at x=20 mm, the velocity measured for a relative humidity of about 55% is reduced by 43% when the humidity in the ambient air is equal to 85%. At x=5 mm, the non-stationary produced flow highlights the asymmetrical production of momentum transfer as reported in 2005 by Forte et al. at ambient air condition [11] and confirmed later [12] . It appears that the velocity produced by the discharge increases when the slope of the voltage is negative while a velocity reduction is observed during the positive voltage slope. This remarkable trend seems to be related to a change in the discharge mode as suggested by Enloe et al. [13] [14] or Lagmich et al. [15] and recently confirmed by Orlov et al. [16] . Indeed, these publications report that a negative voltage slope leads to a diffuse discharge mode whereas a positive voltage ramp affects the plasma behavior with the emergence of a streamer discharge mode. The second velocity component (in the y-direction) is not addressed in the present publication. However, a recent study investigates the difference in the induced airflow for negative and positive sawtooth input waveforms [17] . The induced airflow measured by PIV reveals that each waveform results in a particular airflow topology. In particular, the second velocity American Institute of Aeronautics and Astronautics component responsible for the suction occurring above the plasma discharge is enhanced by using a positive sawtooth (the suction region is extended). However, more momentum is imparted to the gas when the active air exposed electrode is supplied by a negative sawtooth. Nevertheless, all these results indicate that the ability of plasma actuators to transfer momentum at the frequency of the input signal is verified at high level of relative humidity. 
III-3 Effects of ambient humidity on the time-averaged electric wind
First measurements are dedicated to the characterization of the time-averaged flow field above the dielectric material ( Figure 5 ). Data are collected at different x positions (from -2 mm, i.e. 2 mm upstream of the edge of the air-exposed electrode, up to 30 mm) while the distance above the wall, y, is kept constant at 0.3 mm. The ambient air encounters five increasing relative humidity (RH= 40, 55, 70, 85 and 98%). Figure 6 presents the time-averaged velocity for high-voltage amplitudes of 18 and 20 kV. As shown in many previous publications at ambient humidity, an increase in voltage results in higher velocity [18] [19] [20] [21] [22] . This point is verified here according to the humidity level. Indeed, regardless of the relative humidity, a higher applied voltage significantly enhances the velocity production. However, the dependence to the humidity level is significant. A rise in the ambient humidity leads to lower induced velocity at the investigated position. For instance at 20 kV, and beyond the plasma extension (i.e. downstream of x≈10 mm), the reduction in the induced airflow velocity can reach approximately 70%. Close to the air-exposed electrode and at low RH, a small decrease in the relative humidity can enhance the actuator performance (see V=20 kV at 40 and 55% of relative humidity) as reported by Anderson and Roy [7] . However, higher humidity levels decay the effectiveness of the control device. The x-position of the maximal velocity (at y=0.3 mm) is also affected by the relative humidity as illustrated in figure 5 . At 40 and 55%, corresponding to dry atmosphere conditions, the maximal induced airflow velocity is reached at x=10 mm. At higher relative humidity (i.e. 70%<RH<85%), the maximal velocity is moved further downstream (at x≈15 mm), indicating that the plasma may be slightly extended in such operating conditions. According to the current measurements, the contribution of the positive current peaks may be related to the change in the actuator performance at high RH. As suspected by Likhanskii et al. [23] , American Institute of Aeronautics and Astronautics the positive current peaks may be linked with the production of a local backward force (i.e. directed toward the air-exposed electrode). This may explain the decrease in the momentum transfer performed by the actuator at high RH. However, as highlighted by Lagmich et al. [15] , the large current peaks produced a high amount of force during a very short time instant which may enhance the fluctuation in the induced airflow without major contribution to the mean produced flow. At last, a deposition of water droplets along the dielectric layer may also disturb the plasma ignition and the sustaining processes. Further optical plasma diagnostics are then required to definitively corroborate the performance reduction at 98% of relative humidity with a presumably change in the plasma behavior. [12, 19, [21] [22] with a maximal velocity at the wall. According to the RH value, this maximal velocity first increases along the plasma extension, and then decreases further downstream as reported in figure 5 . In the plasma discharge (x= 5 mm), a simple dependence to the humidity level is difficult to define when the surrounding conditions corresponds to dry air. At relative humidity of 85 and 98%, the dependence is clearer with a decrease of induced velocity for increasing humidity. At drier ambient air, the velocity dependence on the surrounding relative humidity varies. At the end and beyond the plasma discharge (x=10 and 20 mm), the induced airflow is reduced when the air is wetted from 70 down to 98%, regardless of the voltage amplitude. The shape of the velocity profiles are also affected by the external air condition. It appears that a decreasing humidity leads to thicker profiles with maximal velocities moved in the y-direction. Moreover, the maximal electric wind velocity is usually reached at the end of the plasma region. The present results indicate that, at high RH (i.e, here higher or equal than 85%), the maximal induced electric wind velocity is located at x=20 mm, while at lower RH level, the maximal velocity is reached further upstream. This indicates that the ambient humidity acts on the extension of the plasma region. Further investigations are required, but it seems that the increase in RH conduces to a longer plasma region.
One can remark that some discrepancies occur between the velocity measurements along the x and y directions. Indeed, in the present study, the humidity condition of the surrounding airflow is controlled, but the relative humidity can vary of ±5%. The present results demonstrate the sensitivity of the airflow production to the RH level. Then, a small unwanted variation in RH can significantly modify the induced electric wind leading to some differences in the measurements, especially when performed at different instants. Despite these discrepancies inherent to the experimental conditions, the authors consider that the present conclusions are fully valid and give relevant indications of the global behavior of DBD operating in humid atmosphere. One has also to keep in mind that different results may be obtained with a purely humid gaseous atmosphere. Indeed, here the surrounding air can American Institute of Aeronautics and Astronautics include small water droplets due to humidity production method. Then, at high RH, the present results correspond to a mixture of humid gaseous atmosphere and water droplets as sometime encountered in real flight conditions. Nevertheless, all the measured results indicate that the ability of plasma actuators to produce a wall tangential jet is verified whatever the relative humidity is. However, a significant reduction of the actuator effectiveness is reported when the relative humidity is increased. 
III-4 Effects of ambient humidity on the produced mass flow rate
A way to consider the effectiveness of the plasma actuator consists of calculating the mass flow rate, Q, induced by the discharge. The mass flow rate is an integrate approach of the velocity profiles. This quantity is calculated as follows (ρ being the fluid density and L the electrode length equals to 80 mm):
For the velocity calculation, air density is adjusted according to the relative humidity (ρ ranges from 1.71 kg/m 3 at RH=98% up to 1.8 kg/m 3 at 40% of relative humidity). Here, the mass flow rate per spanwise unit length is preferred (i.e. Q/L). However, one has to keep in mind that the computed mass flow rate only presents the contribution of the horizontal velocity component. Then, different results can be expected when computed on the two velocity components. This remark is particularly relevant for the mass flow rate computed close to the edge of the air-exposed electrode as this region encounters large secondary velocity component due to the suction region above the active electrode. Further downstream, the computed mass flow rate is more relevant as the contribution of the horizontal velocity component is paramount in this region.
Here, the mass flow rate due to the horizontal velocity component is estimated at three x positions for two voltage amplitudes. Close to the air-exposed electrode (x=5 mm, Fig. 8a ), the mass flow rate is nearly constant from 40 up to 70% of RH and then drastically decreased. It seems that an optimal RH value (RH=70%) can improve the mass flow rate production, but this point requires more in depth investigation to be fully confirmed. Further downstream, the evolution of the mass flow rate according to a rising ambient humidity is systematically decreasing. Then, energetic dissipation occurs in a few American Institute of Aeronautics and Astronautics mm. However, due to the entrainment of the surrounding stagnant flow, larger mass flow rate are observed at x=20 mm (Fig. 8c) , but an increasing RH still reduces the actuator effectiveness. Closer to the plasma (at 10 mm, Fig. 8b ), the loss in effectiveness is more important (reduction of 70%).
These results clearly indicate that the effectiveness of the actuator is related to the relative humidity. This may have detrimental consequences for flow control by DBD at real-flight conditions. However, it appears that an increase in the applied high-voltage can enhance the resulting mass flow rate over the relative humidity range investigated here. Then, it could be helpful to increase this voltage amplitude to improve the effectiveness. This point will be discussed in the next subsection. One has to keep in mind that plasma actuator can be used to perform control by amplification or cancellation of specific natural frequencies of the flow targeted by the control objective [24] . For such modern control approach [25] [26] , the control authority is less dependent on the use of large excitation amplitudes. As demonstrated in figure 4 , the actuator conserves it capability to drive the external flow at the electrical frequency of the voltage waveform. This point is promising and suggests that wellchosen control strategy may also be effective at high relative humidity. 
III-5 Effectiveness dependence to the applied voltage at high relative humidity
To improve the electromechanical conversion even at high relative humidity, additional experiments are realized. They consist of measuring the velocity profiles at x=10 and 20 mm. The relative humidity is set to 98%. The effect of the HV amplitude is investigated, from 16 kV up to 24 kV as illustrated in Figure 9 . This plot clearly indicates that an increase in the applied voltage amplitude allows to improve the momentum transfer at 98% of relative humidity. Firstly, the small velocity values measured at x=10 mm compared to the ones obtained at x=20 mm confirm that the plasma extends downstream x=10 mm, certainly around x=20 mm. Secondly, results also suggest that the induced electric wind velocity is monotonously enhanced. For instance, at x=20 mm, the maximal velocity is equal to about 1.5, 2 and 2.5 m/s for high voltage values of 20, 22 and 24 kV, respectively. To compare, the maximum velocity measured for V=24 kV and RH=98% is similar to the one reached at RH=70% for V=20 kV (see Fig. 7 ). This indicates that the velocity reduction due to the humidity increase can be compensated by increasing the applied HV amplitude. American Institute of Aeronautics and Astronautics The mass flow rate per spanwise unit is also calculated to highlight the global momentum transfer performed by the actuation ( Figure 10 ). As observed from the velocity profiles, an increase in the applied voltage conduces to higher induced mass flow rates. A 24 kV voltage amplitude results in a mass flow rate increase of about 90% compared to the one produced at 20 kV. These promising results indicate that the performance of the actuator can be enhanced by increasing the consumed electrical power. The effects of the HV frequency are not investigated here but will be included in future experimentations. 
IV. Conclusions
This work presents the results of a study concerning the influence of relative humidity on the performance of surface DBD actuators. The ability of the DBD to generate an electric wind between 40% and 98% of relative humidity has been tested. Electrical acquisitions and measurements of the induced tangential airflow are investigated. The evolution of the current peaks with the ambient humidity reveals that the number of negative current peaks is reduced when relative humidity is increased. The positive current peaks, they first decrease in number up to 85% of relative humidity and then their number drastically increases (surface conduction allowed by micrometric water droplets could be involved in this sudden change). The variation in relative species concentrations at different RH may be related to these observations. However, the current amplitude contained in these peaks is weakly affected by the ambient conditions. Despite changes in the current behavior, the actuator conserves it capability to drive the surrounding airflow at the frequency of the applied signal as demonstrated by the phase-averaged measurements. However, the induced velocity is reduced. The present preliminary results seem indicate an optimal effectiveness at approximately 70% of relative humidity. However, at 98%, the actuator performance significantly drops in terms of produced velocity and induced mass flow rate. This may limit the use of plasma discharge as a fluid dynamic American Institute of Aeronautics and Astronautics control device in real-flight condition. However, this drawback can be overcome by increasing the amplitude of the applied voltage. Results indicate that a rise of 4 kV in the applied voltage (20 and 24 kV amplitude are compared) permits to improve the mass flow rate, and then the effectiveness, of about 90%.
According to this study, actuation by plasma can be performed even in extreme humidity conditions without damaging the dielectric layer or the electrodes. The velocity of the produced electric wind is then significantly reduced. However, results indicate that flow control approach by applying small amplitude excitation at the natural instability frequencies can be achieved over a wide range of humidity conditions.
